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c Thermo Fisher Scientific, Winsford, Cheshire, CW7 3GA, UK. 10 for gas analysis to monitor the esterification of butan-1-ol and acetic anhydride. The reaction 23 was conducted at two scales: in a 150 mL flask and a 1 L jacketed batch reactor, with liquid 24 delivery flow rates to the vaporiser of 0.1 and 1.0 mL min -1 , respectively. Mass spectrometry 25 measurements were made at selected ion masses, and classical least squares multivariate 26 linear regression was used to produce concentration profiles for the reactants, products and 27 catalyst. The extent of reaction was obtained from the butyl acetate profile and found to be 28 83% and 76% at 40 °C and 20 °C, respectively, at the 1 L scale. Reactions in the 1 L reactor 29
were also monitored by in-line mid-infrared (MIR) spectrometry; off-line gas 30 chromatography (GC) was used as a reference technique when building partial least squares 31 (PLS) multivariate calibration models for prediction of butyl acetate concentrations from the 32 MIR spectra. In validation experiments, good agreement was achieved between the 33 concentration of butyl acetate obtained from in-line MIR spectra and off-line GC. In the 34 initial few minutes of the reaction the profiles for butyl acetate derived from on-line direct 35 liquid sampling mass spectrometry (DLSMS) differed from those of in-line MIR 36 7 in discovery and development. In addition, quantitative results have yet to be demonstrated 123 with many of the techniques. 124
Thermal vaporisation of discrete liquid samples into a process mass spectrometer has 125 been achieved using heated auto-injection valves [34-36], a modified GC oven [37] , and a 126 programmable temperature vaporizing (PTV) GC injector and syringe pump [38] . However, 127 these methods are not ideal for continuous sampling; when a carrier gas is used to transport 128 the sample vapours to the mass spectrometer variations in the carrier gas flow and inefficient 129 mixing with the sample vapour can cause signal instability. In a previous study, a thermal 130 vaporiser for direct liquid sampling mass spectrometry (DLSMS) was reported that can be 131 used for continuous analysis of liquid streams [39] . Benzene, toluene and o-xylene in the 132 range 0 -110 mg kg -1 were determined in ethanol and the vaporiser could be used to generate 133 stable mass spectrometric responses for the analytes over several hours. In this report, the 134 suitability of the vaporiser and DLSMS has been assessed for rapid, on-line quantitative 135 monitoring of the reaction of butan-1-ol and acetic anhydride in a 1 L reactor, with pyridine as 136 a catalyst. Off-line gas chromatography was used as the reference technique for determination 137 of butyl acetate. The performance of the DLSMS procedure was also compared to that of in-138 line mid-IR spectrometry [40] which used an insertion probe that has an attenuated total 139 reflectance (ATR) crystal at one end, coupled by chalcogenide fibres to a miniature mid-IR 140 spectrometer at the other end of the probe. Aldrich) was added to butan-1-ol (2.6 or 9.1% mol/mol) to simulate the presence of an 171 impurity in one of the reagents. The contents of the reactor were analysed continuously by 172 on-line mass spectrometry and in-line mid-infrared spectrometry from the initial addition of 173 acetic anhydride. The transfer time from the reactor to the mass spectrometer was found 174 experimentally to be 2 min. For off-line analysis by GC, 1 mL aliquots of the reaction 175 mixture were drawn through Teflon tubing using a glass syringe. Usually, 15 samples were 176 collected for GC analysis. 177
On-line mass spectrometry with thermal vaporiser 178
The process mass spectrometer was a Thermo Electron Prima 600S (Thermo Fisher Scientific 179
Cheshire, UK). This is a magnetic sector instrument that has two detectors: an electron 180 multiplier detector for low intensity ions and a Faraday cup for high intensity and matrix ions. 181
The analyte gas was transported to the ion source via a molecular leak and bypass through a 182 capillary inlet heated to 180 °C. The ion dwell time was set to 1 s ion -1 . The custom designed 183 thermal vaporiser is shown in Figure 2 and has been described previously [39] . Glass lined 184 tubing (SGE Analytical Science, UK) was wrapped around a metal block that was heated by a 185 350 W cartridge heater. A thermocouple was inserted into the heater block and connected to a 186 temperature control unit which controlled the power supply to the cartridge heater. The 187 temperature controller was set to 180.0 ± 0.2 °C. The heated transfer capillary of the mass 188 spectrometer was connected to one end of the tubing via a tee which allowed excess vapour to 189 vent. The advantage of this approach is that stable analysis was achieved because any 190 fluctuations in fluid flow did not affect the composition of the gas. Furthermore, as the 191 composition of the gas entering the mass spectrometer was 100% vaporised sample without 192 dilution by a carrier gas, the maximum possible sensitivity was achieved. However, use of the 193 thermal vaporiser is limited to volatile samples that are thermally stable at the operating 194 temperature of the vaporiser and transfer capillary. 195
Data were acquired from the mass spectrometer using GasWorks (Build 217, Thermo 196
Fisher Scientific) with ion intensities saved as comma separated variable files. 197
Ion selection 198
Process magnetic sector instruments with flat-topped peaks are more stable to ion overlap by 199 analytes compared to laboratory quadrupole instruments [6] . This means that noise on the ions Tables   482   Table 1 . The percent abundance (ions normalised to the most intense peak of the pure 483 component spectra) for the reaction components monitored at the 150 mL scale. 
